impairment of glucose-induced insulin secretion from pancreatic beta cells. Since inappropriate expression of a set of genes might correlate with impaired responsiveness of pancreatic beta cells to glucose, identification of the genes regulated by glucose will lead to further understanding of the pathogenesis and pathophysiology of the disease.
To identify and isolate the specific genes that are differentially expressed in individual cells, the subtraction hybridization method has been widely used for cDNA subtraction [2] [3] [4] . However, this method is complicated, takes a long time to screen thousands of clones and needs a large amount of mRNA. The differential display method of mRNA has recently been developed and several new genes have been identified [5] . This method is useful, but it requires isotopes and sequence gel to isolate cDNA.
To simplify subtraction cloning, we have established the ligation-mediated polymerase chain reaction (PCR)-based method for cDNA subtraction, in which a small population of mRNA can be identified by a PCR-mediated technique without the use of an isotope. The representational difference analysis (RDA) method has been developed for identification Diabetologia (1996) 39: 1293-1298 Identification of genes regulated by glucose in a pancreatic beta-cell line by a new method for subtraction of mRNA Summary Various genes are differentially expressed in cells during cell differentiation, development, aging, and in pathological conditions. To identify and isolate the genes that are specifically and differentially expressed in cells, we established a ligation-mediated polymerase chain reaction (PCR)-based method for cDNA subtraction. As this method is PCRbased, when target genes are expressed at high levels relative to the driver (a control pool for subtraction), even a small amount of target genes can be amplified. By this newly developed PCR-based subtraction method, a set of genes regulated by glucose were identified in a mouse insulinoma cell line. This PCRbased and non-radioactive subtraction method will be a powerful tool for identification of novel genes, specifically and differentally expressed in cells. [Diabetologia (1996) 
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of restriction endonuclease fragments present in one population of DNA fragments of the genome, but not in another [6] . We adapted the strategies of RDA designed for genomic DNA analysis to cDNA subtraction. In this study, we applied the newly developed PCR-based cDNA subtraction method to the identification of genes regulated by glucose and successfully identified a group of genes regulated by glucose from a mouse pancreatic beta-cell line.
Materials and methods
Culture of MIN6 cells. MIN6 cells were maintained in Dulbecco's modified Eagle's medium containing 25 mmol/l glucose and 13 % heat-inactivated fetal bovine serum in humidified 5 % CO 2 /95 % O 2 at 37°C [7] . Cells at the 17th passage were used for the experiment.
Subtraction procedure. The outline of the ligation-mediated PCR-based method for cDNA subtraction method is described in Figure 1 . Driver (which is a control pool for subtraction) and tracer (which includes the cDNA of interest) cDNA libraries were prepared from mRNAs of cell or tissue sources and each group of cDNAs was ligated to adapter-primers, which have a cleavage site of a certain restriction endonuclease, at both blunted ends of cDNAs. PCR was performed on the cDNAs of each library, resulting in amplification of size-restricted cDNAs (shorter than several kilobases in size). Following digestion of each pool of cDNAs with the restriction endonuclease, only fragments of tracer cDNA were ligated to new adapter-primer set at both their 5 ′ ends. Then a small amount of tracer is mixed with an excess of driver, and the mixture is denatured and reannealed. Most of the tracers, which were expressed at the same level as the driver, such as housekeeping genes, were hybridized with an excess amount of complementary driver, whereas some populations of target cDNAs, which were expressed at high levels in a tracer, show self-reannealing. Only self-reannealed tracer cDNAs, which have adapter-primer at both ends, can be amplified by PCR. Subtracted-amplified cDNAs were then digested with restriction endonuclease to remove the adapter-primers and ligated to a new set of adapter-primers. An exponential enrichment of target cDNAs was obtained by several rounds of subtraction and amplification steps.
Subtraction-amplification procedure by the ligation-mediated PCR-based method for cDNA subtraction was performed with cDNAs from mRNAs derived from MIN6 cells. MIN6 cells were cultured in high (25 mmol/l) or low (2.5 mmol/l) glucose medium for 24 h and RNAs were extracted by the guanidine thiocyanate-phenol method. Double-stranded cDNAs were prepared by oligo dT primed method from mRNA purified with an oligo dT column. Following ligation to BamHI/ NotI linker (5 ′-GAT CCG CGG CCG C-3 ′, Pharmacia, Uppsala, Sweden), 1 m g of dsDNAs was mixed with 0.5 nmol of primer-adapters (R12 and R24, R series) in 30 m l of T4 DNA ligase buffer (Wako Nippon Gene, Tokyo, Japan). Oligonucleotides were annealed by cooling gradually for 50°C to 10°C for 1 h and ligated by incubation with 500 U of T4 DNA ligase (Wako Nippon Gene) overnight. Primer-adapters used in this experiment have been reported by Lisitsyn and colleagues [6] [6] and hybridized at 67°C overnight. Hybridized DNA was amplified with J24 primer for 10 cycles (1 min at 95°C, 3 min at 72°C, PCR condition was described as above). After incubation with mung bean nuclease to degrade the single-stranded DNA, subtracted cDNA of interest was amplified with J24 primer for 20 cycles (1 min at 95°C, 3 min at 70°C, PCR condition was described as above). Following digestion with BamHI, amplified subtracted cDNA was applied to Microcon 100 to remove the adapter-primers. Digested subtracted cDNA was ligated to other adapter-primers (N24: 5 ′-AGG CAA CTG TGC TAT CCG AGG GAG, N12: 5 ′-GAT CCT CCC TCG-3 ′, N series), then the second subtraction procedure was performed as for the first subtraction step. The third subtraction step with J series primers, fourth step with N series, fifth step with J series, sixth step with N series, and seventh step with J series were performed. The adapters for PCR were altered between rounds of subtraction and amplification to avoid the accumulation of PCR products that might interfere with subsequent amplification [6] .
Sequence analysis of subtracted clones. Subtracted PCR products were electrophoreted by agarose gel and hybridized with rat preproinsulin I gene. Then the subtracted PCR products excluding those of insulin cDNA by size were recovered by diethylaminoethyl (DEAE) paper. Following exclusion of cDNA fragments, recovered cDNAs were digested with Bam-HI. Subtracted cDNAs were subcloned into pUC119. Colonies were picked up from subtracted cDNA libraries and inserted cDNA was amplified with primers, both ends of pUC119 of multi-cloning site (M13 reverse primer: 5 ′-GTT TTC CCA GTC ACG AC-3 ′ and M13 primer: 5 ′-CAG GAA ACA GCT ATG AC-3 ′) for 25 cycles (30 s at 94°C, 2 min at 55°C, 1 min at 72°C). Following removal of primers with Microcon 100, amplified inserted cDNAs were sequenced by 373A sequencer (Applied Biosystems, Foster City, Calif., USA) with cycle-sequencing protocol using PCR with dye primers (M13 or M13 reverse). The sequence of subtracted cDNA was compared to those in European Molecular Biology Laboratory (EMBL) and GenBank data libraries with basic local alignment search tool (BLAST) programs of the National Center for Biotechnology Information (NCBI).
RT-PCR of UBQOXR and CAN genes.
Total RNA was extracted from adult C57BL/6 mouse tissues by the guanidine thiocyanate-phenol method; 10 m g was then reverse-transcribed and amplified by a thermal cycler for 40 cycles. Primers used for the PCR are described below. UBQOXR (30 s at 95°C, 1 min at 65°C, 2 min at 72°C): sense primer, 5 ′-CGC TGG TGG TGT CCT TCT CT-3 ′ and antisense primer, 5 ′-TGA GGG TGG CTG GGC ACA TC-3 ′. CAN (30 s at 95°C, 1 min at 60°C, 2 min at 72°C): sense primer, 5 ′-CCC AAA TAC CTC TAA TCT GTC T-3 ′ and antisense primer, 5 ′-ACA CTG GAG CAG CAC CGA A-3 ′. Amplified RT-PCR product was subjected to 9 % polyacrylamide gel electrophoresis and stained with ethidium bromide.
Results
Subtraction procedures. Subtraction-amplification was performed with cDNAs from mRNAs derived from MIN6 cells, established as a pancreatic betacell line, which retains glucose-induced insulin secretion [7] . Since glucose may alter expression of a variety of genes in MIN6 cells, we applied the RDA method to MIN-6 cells, cultured under high and low glucose conditions to identify the glucoseinducible mRNAs and glucose-static mRNAs. A detectable increase of subtracted cDNAs in the fragment size distribution was observed by ethidium bromide staining (Fig. 2) . Subtracted cDNA libraries were established from a mixture of cDNAs from the 6th and 7th subtraction-amplification steps. Inserted cDNAs were amplified by PCR and subjected to sequencing.
Analysis of subtracted clones. Out of 19 clones screened from the cDNA library, representing preferentially expressed mRNAs in the MIN6 cells cultured in high glucose medium, we identified 16 individual cDNA clones (high glucose inducible sequence, HGIS) and out of 11 clones screened from the cDNA library, representing preferentially expressed Fig. 2. A, B . Representational subtraction analysis with mRNAs from MIN6 cells. The subtracted cDNAs, which were preferentially expressed in MIN6 cells cultured in (A) high glucose medium (25 mmol/l for 24 h) and in (B) low glucose medium (2.5 mmol/l for 24 h), obtained by sequential subtraction steps were subjected to 9 % polyacrylamide gel electrophoresis and stained with ethidium bromide. M Size-marker, HaeIII digest of ø X174 RF DNA. Lanes 1-7: first to seventh subtraction-amplification steps of subtraction. DNAs with odd numbers (1, 3, 5, 7) were amplified with J series primer and DNAs with even numbers (2, 4, 6) were amplified with N series primer. Sizes (base pairs) are indicated on the left mRNAs in the MIN6 cells cultured in low glucose medium, we identified 6 individual cDNA clones (low glucose inducible sequence, LGIS) ( Table 1 ). In HGIS, 10 individual sequences out of 16 clones were found to be novel genes (62.5 %) and two clones were identical to the sequences in the database, mouse islet amyloid polypeptide (IAPP) cDNA [8] and mouse transthyretin (TTR) cDNA [9] . Northern analysis confirmed the increase in expression of IAPP and TTR gene in MIN6 cells under high glucose conditions when compared to those under low glucose conditions, indicating that our subtraction method had been successfully performed. Four clones were identified as being homologous sequences to other species, two of which were homologous to human expressed sequence tag and the other two clones were homologous to known genes of other species. Clone HGIS29 was homologous to bovine ubiquinone oxidoreductase (UBQOXR) subunit B9 [10] (78 %) and clone HGIS 20 was homologous to Homo sapiens CAN mRNA [11] (85 %).
In LGIS, each two clones were found to be identical to mouse XPB/ERCC3 gene [12] and mouse expressed sequence tag GM2A12. Three clones had a 90 % homologous sequence to a family of defective murine retrovirus-like elements known as intracisternal A particles [13] . The sequences of two clones were homologous to human expressed sequence tag and one clone was found to be a novel gene (Table 1) .
RT-PCR of UBQOXR and CAN gene homologues.
To confirm the expression of UBQOXR and CAN gene homologues in normal tissues, reverse transcriptase-PCR (RT-PCR) was performed with RNAs from various mouse tissues as well as MIN6 cells cultured under high or low glucose conditions (Fig. 3) . The UB-QOXR and CAN genes were expressed with relatively high abundance in MIN6 cells cultured with high glucose, whereas only subtle expression was found in MIN6 cells cultured with low glucose, when compared to the expression of b -actin gene as an internal standard. In addition, same samples were subjected to Northern blot analysis with b -actin probe to check that the amount of total RNA for templates of RT-PCR was properly controlled. Since both the UBQOXR and CAN genes were identified in HGIS, this result indicates that the subtraction procedure was successfully performed.
A single band with expected size of RT-PCR products of both the UBQOXR and the CAN genes was obtained from RNAs of several mouse tissues and MIN6 cells. The UBQOXR gene was expressed in all the tissues examined, brain, pancreas, liver, spleen, and kidney with similar abundance. On the other hand the expression of the CAN gene showed tissuespecific heterogeneity. The CAN gene was expressed with relatively high abundance in mouse pancreas, liver and kidney, but with low abundance in mouse brain and liver.
Discussion
We have developed a new ligation-mediated PCRbased method for cDNA subtraction. The advantage of this subtraction method is not only its simplicity, but also its effectiveness to amplify even target cDNAs with low abundance when the target is Fig. 3. A, B. RT-PCR analysis of UBQOXR-B9 (A) and CAN (B) mRNA in MIN6 cells and mouse tissues: MIN6 cells cultured in high (1) and low glucose (2), brain (3), pancreas (4), kidney (5), liver (6) , and spleen (7), respectively. M: size-marker, HaeIII digest of ø X174 RF DNA. Sizes (base pairs) are indicated on the left. Amplified DNA was subjected to 9 % polyacrylamide gel electrophoresis and stained with ethidium bromide expressed at a high level relative to the driver. Since this method is a PCR-based technique, the absolute amount of target cDNA is no longer a limiting factor. Only a relative abundance of target to driver is required for detection and isolation of the target. Recently the usefulness of our strategy was also confirmed by Hubank and Schatz [14] , who successfully isolated the caffeine up-regulated clones from the pre-beta-cell lines.
Using the newly developed PCR-based method for cDNA subtraction, we have identified 16 individual clones in HGIS and 6 in LGIS. There was no overlap in sequences between HGIS and LGIS subtracted cDNA pools.
In HGIS, two clones had identical sequences in the database, mouse IAPP cDNA [8] and mouse TTR cDNA [9] . Previous studies revealed that IAPP is localized in secretory granules in the pancreatic beta cells and that IAPP mRNA level is increased in islets cultured under high glucose conditions [15] . This previous finding confirmed that cDNA clones that were preferentially expressed in MIN6 cells under high glucose conditions were successfully subtracted by our method. The TTR gene encodes prealbumin and in situ analysis revealed that TTR mRNA is localized in pancreatic islets [16] [17] [18] . Although the function of TTR in the islets is unknown, our data suggest that the expression of TTR is controlled by glucose.
Two individual clones homologous to genes in other species, bovine UBQOXR B9 subunit and human CAN genes, were identified in HGIS. UBQOXR is a part of NADH-Q oxidoreductase (also known as complex I). NADH-Q oxidoreductase is the first enzyme in the respiratory electron transport chain of mitochondria and the B9 subunit of bovine UB-QOXR is a nuclear coded subunit [10] . RT-PCR analysis confirmed that UBQOXR gene expression was augmented by glucose. As UBQOXR is crucial for glucose-dependent ATP synthesis in the TCA cycle, and glucose-induced insulin secretion in pancreatic beta cells is accompanied by an increase of ATP, UB-QOXR gene expression may have a role in glucoseinduced insulin secretion.
The CAN gene was identified from a human cDNA library as a gene related to a chromosomal translocation associated with leukaemia [11, 19] . A structure of b turns at the C-terminal part of the CAN protein may function as an ancillary DNA binding domain [11] . Although the function of CAN has not been fully elucidated, domains identified in these proteins suggested a role in regulation of transcription. Our results indicated that the CAN gene was expressed in pancreatic beta cells and its expression was increased by glucose. These data suggest that the CAN gene product may contribute to the glucose-induced gene regulation in pancreatic beta cells.
In our study, several clones homologous to the genes previously assigned as expressed sequence tags (ESTs) were identified: two individual clones in HGIS homologous to human ESTs, and two individual clones homologous to human ESTs and one to mouse EST in LGIS. Large-scale cDNA sequencing analysis in various tissues has been performed to examine the organ-specific EST as a part of the human and mouse genome projects [20] [21] [22] [23] [24] [25] . Our method revealed that parts of the genes previously assigned as ESTs were homologous to the sequences of subtracted clones. This result implies that those ESTs were expressed in pancreatic beta cells and regulated by glucose although further analysis for expression of these subtracted genes should be needed in more physiological conditions, such as isolated beta cells or isolated islets. Therefore, our strategy will be useful for further characterization of the ESTs whose function and/or function regulation is unknown.
Besides four sequences homologous to known ESTs, we have identified 10 novel sequences in HGIS and 1 in LGIS in MIN6 cells. Recently, the random cDNA sequencing approach has been performed on RNAs from human islet [26] and MIN6 cells [27] . Although a large number of novel genes were obtained in those studies, the newly identified sequences identified in this paper did not show any homology with those ESTs. Moreover, our method can eliminate uninformative housekeeping genes through the subtraction procedure. The differential display method amplifies the fragment of all represented cDNAs, whereas our method can excluded those cDNAs and amplify only the differences. Therefore our approach, in addition to the random cDNA cloning method, will greatly increase the substantial resources of cDNA and aid in the development of a physical map and isolation of candidate disease genes. Further investigation will be needed to determine the physiological role of the novel genes in insulin secretion from pancreatic beta cells and to examine whether these genes could be candidate genes conferring susceptibility to non-insulin-dependent diabetes.
As our subtraction method is PCR-based, even a subtle amount of target can be amplified when the target is expressed at a high level relative to the driver. Moreover, as our subtraction method needs no isotope for subtraction, the experimental procedure is simple and easy. Therefore, this method is expected to be a useful tool for identification of novel genes, specifically and differentially expressed in cell differentiation, aging, cancer, cardiovascular disease and other common diseases.
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the following accession numbers; D84271, D84175, D84176, D84177, D84178, D84179, D84180, D84181, D84182, D84183, D84184, D84185, D84 186.
